We present a comprehensive investigation into disorder-mediated charge transport in InP nanowires in the statistical doping regime. At zero gate voltage, transport is well described by the space charge limited current model and hopping transport, but positive gate voltage (electron accumulation) reveals a previously unexplored regime of nanowire charge transport that is not well described by existing theory. The ability to continuously tune between these regimes provides guidance for the extension of existing models and directly informs the design of next-generation nanoscale electronic devices. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Semiconducting nanostructures are the focus of extensive efforts to develop next-generation electronic devices, ranging from single-nanowire field-effect transistors (FETs) [1] [2] [3] to multi-functional optoelectronic devices. 4 However, along with the technological promise afforded by their novel properties (e.g., high strain tolerance, 5 enhanced gate sensitivity, 6 and vertical geometry 7 ) comes the scientific challenge of extending our knowledge of bulk and thin-film properties to the extreme surface to volume ratios, statistical regime for defects and dopants, 8, 9 and enhanced sensitivity to disorder 10 inherent in these quasi-1D structures. Previous work has begun to address this challenge in various regimes of space-charge limited current (SCLC) 11, 12 and hopping transport; 13, 14 however, a detailed exploration of the validity of existing models, and the experimental foundation for extending that scope, is lacking. Here, we present a comprehensive experimental investigation of nanowire transport in the presence of disorder as a function of source-drain bias, gate potential, and temperature. Gatecontrol of the carrier density allows access to regimes that are well described by existing theory (such as the SCLC model 15 and Efros-Shklovskii variable range hopping (ES-VRH) 16 ) and those that are not within the same structure. The ability to tune continuously between these regimes identifies promising directions for the extension of existing models and future experiments, as well as directly informing the design of nextgeneration nanoscale electronic devices.
II. METHODS AND RESULTS

A. Material synthesis and device characterization
Se-doped InP nanowires are grown in a pulsed laser deposition (PLD) system based on previously developed recipes for GaAs nanowire growth (supplementary material 1(a) (Ref. 34) ). 17, 18 Typical nanowire diameter is 50-60 nm and length is >10 lm. Figure 1 shows high resolution transmission electron microscopy (HRTEM) images of a representative InP nanowire (more than 10 individual nanowires were imaged, all revealing similar characteristics). The core is found to have zinc-blende structure with growth along the h111i axis and an outer oxide shell 2-5 nm in thickness. In addition, HRTEM optimized to reveal Z-contrast ( Fig. 1(d) ) shows an $2 nm thick In-rich crystalline layer at the surface of the nanowires, manifesting as a dark band just below the oxide layer due to the much higher Z for In (Z ¼ 49) as compared to P (Z ¼ 15).
For electrical measurements, single-wire field effect transistors are fabricated using standard nanofabrication techniques (supplementary material 1(b) (Ref. 34) ). Again, more than 10 different nanowire devices are measured, and show qualitatively similar behavior. For clarity and selfconsistency in the following discussion, all data are from a single device. In Fig. 2 , 2-probe and 4-probe current-voltage (I-V) measurements show that the contact resistance is small compared to the channel resistance (all subsequent data are collected in the 4-probe geometry at source-drain bias less than the bandgap of InP, 1.4 eV). Despite apparently Ohmic response, the current vs. gate voltage, V g , plot shows saturation at negative gate voltage and n-type behavior turning on at a positive gate voltage of approximately þ9 V (Fig. 2 , bottom right inset). This gate response stands in contrast to optimized nanowire FET structures that exhibit similar linear I-V curves but show pinch-off at negative gate voltage with on/off ratios of 10 4 -10 5 , 4 but is consistent with studies of nanowire systems with high trap density. 19, 20 Further evidence for defect-mediated transport can be found in the temperature dependence of the I-V characteristic at zero gate voltage, Fig. 3(a) . The nonlinearity seen in a semi-log plot of the data, inset in Fig. 3(a) , indicates a deviation from Schottky behavior (i.e., nonlinearity when plotted a)
Authors to whom correspondence should be addressed. Electronic addresses: fyyang@mps.ohio-state.edu and ejh@mps.ohio-state.edu. on a semi-log scale) that increases at low temperature. Indeed, the linearity at high bias seen in log-log plots ( Fig. 3(b) ) suggests a power law, rather than the exponential dependence predicted by the Schottky model. 21 There are two key features of the data in Fig. 3 (b) that provide further insight into the transport mechanism: (i) the slope is temperature dependent and (ii) linear extrapolations of the data for high temperatures (T > 150 K, solid lines in Fig. 3(b) ) converge to a single voltage, V c . This behavior suggests the trapped SCLC model, 15 wherein injected electrons are trapped by defect states and the amount of trapped charge depends on temperature and source-drain bias (V s-d ). The low temperature data (T 150 K, dashed lines in Fig. 3(b) ) deviate from this convergence, denoting that SCLC model is not valid in the low temperature regime. The details of this extrapolation are discussed in Fig. S1 of supplementary material 2. 34 Expressed in the Arrhenius form to highlight the temperature dependence of the current density, the SCLC model predicts
where l is the electron mobility, q is the charge of the electron, d is the channel length, N is the band density of states, E t is trap Fermi-energy, k B is Boltzmann's constant, T is the temperature, H t is the trap density, and e is the dielectric constant of the nanowire. Taking E t ¼ k B T t at the crossover voltage, V c , the activation energy in Eq. (1) can be written as A log-log plot of the same data shows linear behavior, I $ V S , with slope increasing as temperature decreases (add 120 K and 100 K plots). The extrapolations of the linear fits converge to a crossover point (V c , solid lines taken at > 150 K). Inset is a band-structure plot of the In P À1 defect using GGA.
At V c , the current density is temperature independent, allowing us to solve for H t given the known nanowire length and permittivity. The data in Fig. 3(b) give values of H t that vary from 1. . This analysis in turn allows us to better understand the gate dependence in Fig. 2 . If we interpret the transition at V g ¼ þ9 V as the Fermi energy moving from the defect states into the conduction band of InP, then at V g ¼ þ9 V the electron density is equal to the trap density, i.e., n e ¼ 2.1 Â 10 16 cm
À3
. Further, the carrier density can be determined at any arbitrary voltage by using the calculated capacitance of the nanowire FET (0.14 fF; calculated assuming an infinite wire above an infinite plane), i.e., 
B. Ab initio calculation of defect states
This model implicitly assumes the presence of relatively shallow trap states, i.e., states within a few times k B T of the conduction band with coupling to the band states. In order to further assess the plausibility of this assumption, we determine the formation energy of competitive defects in "bulk" InP from density-functional theory (DFT; calculation of the interface/surface states would require detailed atomic-scale structural characterization for a realistic picture and is not considered here). The calculations are performed for supercells with 108 formula units using the VASP package and potentials, 23 the Generalized-Gradient Approximation (GGA), 24 cross-checked by the HSE06 hybrid-functional, 25 and a 2 Â 2 Â 2k-points mesh for the Brillouin zone integration. Charge states are treated in analogy to Ref. 26 . XPS measurements suggest that the native oxide on InP is P rich at the interface, and that the oxidation reaction happens at the surface. 27 Thus, we assume In-rich conditions in the nanowire for determining the chemical potentials for defect calculations. Using the method of constitutional defects, 28 we find In P À1 and O P 0 to be the most stable defects that also create a trap state near the conduction band edge. Assuming that the oxidation reaction indeed happens at the surface, 27 it is however less likely that O P 0 defects will form (and if they do, are found to form an atomic-like deep level), leaving In P À1 with a shallow level $60 meV below the conductionband edge (see Fig. 3(b) , inset) as a plausible candidate for the trap states identified above. 29 
C. Beyond the space charge limited current regime
Next, we consider the regime where the SCLC model is not valid, i.e., low V s-d and low temperature where the Fermi energy lies in the defect states and hopping transport is expected. Generally accepted models of hopping transport follow the form:
where R 0 indicates the overall resistance of the channel, T 0 relates to the energy scale of the hopping transport, and m is a constant 1 that indicates the mechanism of the hopping transport. In order to extract the values of these constants, we plot the zero-bias resistance on a log(ln(R)) vs. log(1/T) scale for various gate voltages (Fig. 4(a) ). At zero gate voltage (red-squares), the data reveal two slopes, m high ¼ 1.03 6 0.02 at T > 158 K and m low ¼ 0.49 6 0.02 at T < 158 K. The crossover temperature (158 K at V g ¼ 0 V) shifts to lower temperature with increasing positive gate voltage. For negative gate voltage, the shape of the curve becomes more complex and does not exhibit a well-defined crossover for much of our measurement window (nanowire resistance exceeds 1 GX for low temperatures and large negative gate voltage). In this regime, the admixture of hopping and band transport is such that no clear trend with either character can be resolved, i.e., there is no clearly linear regime when the data are plotted as ln(R) vs. 1/T. The slopes at V g ¼ 0 V indicate nearest-neighbor hopping (NNH) and ES-VRH, respectively. 30, 31 The inset in Fig. 4(a) schematically depicts the crossover between these regimes. At high temperature (k B T greater than the average variation in trap energy), phonon-assisted hopping allows access to NN hopping sites, as the temperature decreases the range of energetically accessible hopping sites decreases and VRH dominates. The energy scale, T NNH , at high temperature is found to be 58 meV (in good agreement with our DFT calculations of the In P À1 defect), while the energy scale at low temperature is estimated as T ES-VRH $ 230 meV (this corresponds to a hopping energy that varies from 32 meV at 300 K to 19 meV at 100 K). Finally, using the standard relation for the localization length, n ¼ be 2 =k B eT ESÀVEH , for ES-VRH 32 we determine that in this regime n $ 23 nm for-¼ 3.9 and e ¼ 12e 0 (b is determined by setting the VRH and NNH distance equal at T cr ¼ 158 K, the crossover temperature between NNH and ES-VRH, and the static dielectric constant (¼ 12) is the bulk value for InP).
In a plot of T cr vs. V g (Fig. 4(b) ), the same critical value of þ9 V is identified as a point of departure from the physics at zero gate voltage. This trend is confirmed when similar analysis is performed for m low , T NNH, and T ES-VRH . While this variation lies beyond the scope of current theory, we can gain a qualitative understanding by referring to the twochannel model presented above. At high temperature NNH, or Arrhenius, transport is characterized by thermal activation to the conduction band followed by re-trapping at a NN site. In this regime, the increased gate voltage merely increases the number of carriers capable of executing these hops, resulting in a relatively weak perturbation from the zero voltage case (T NNH increases by about 12% and m high does not vary to within experimental error).
In contrast, at low temperature, the hopping transport undergoes a more dramatic change as the Fermi energy enters the conduction band (the increase in T ES-VRH is $300%). Focusing on m low , one might expect an increase towards m ¼ 1 as the presence of carriers in the conduction band opens a channel for NNH or band transport; however, what is actually observed is a decrease in m low . In attempting to understand this result, it is useful to consider two structural shortcomings of both the NNH and ES-VRH models. First, both models assume charge transport in a single conduction channel with well-defined energy scale, localization length, etc. However, our analysis of the SCLC regime indicates that for V g > þ9 V both the trap states and the conduction band are occupied. Moreover, while transport through the defect states proceeds through ES-VRH, transport within the conduction band occurs in the presence of a disorder potential defined by the spatial distribution and occupancy of the trap states. At low temperature and carrier density, this disorder potential can lead to the breakup of the conduction band into grains (supplemental material 3 (Refs. 34)). 33 As a result, a full theoretical description of the transport in this regime would need to account for two parallel conduction channels that are correlated by the interplay between the trap states and the disorder potential in the conduction band. From an experimental perspective, it is possible that a more thorough analysis of the structure of the In-rich layer at the surface and time-domain noise spectroscopy may provide additional insight into the physical origin of these states in support of the development of such a theory.
Second, and more generally, the low-temperature low-V s-d regime is characterized by a competition between correlation effects and disorder. The average separation between carriers, r 0 , is comparable to the thermal deBroglie wavelength for all temperatures considered here (roughly 25 nm and 16-27 nm, respectively; supplemental material 4 (Ref. 34) ). This result implies both that electron-electron interactions are important (i.e., Mott-VRH does not apply) and that this system is well into the quantum regime, while both NNH and ES-VRH treat electron-electron interactions classically. The primary effect of these quantum correlations will be to modify the low-energy density of states, suggesting future studies exploiting tunneling physics to directly probe this variation.
III. CONCLUSIONS
A comprehensive exploration of defect-and disordermediated transport in semiconducting nanowires reveals a rich interplay between localized trap states, conduction band transport, quantum effects, and electron-electron correlations in the statistical doping regime. These experimental results provide a foundation for extending current models of hopping transport to account for multiple conduction channels and the competition between correlation and disorder as well as suggesting promising directions for further experiments to determine the detailed nature of the low-energy density of states. In turn, these fundamental studies provide critical insight into the transport mechanisms likely to be found in next-generation nanoscale electronic devices.
